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Abstract—Radio-based device-free localization systems mea-
sure effects on radio signals e.g. signal strength variations to
locate objects or persons in a target area. Such systems detect
and track persons that do not participate in the localization
process. Models for calculating the radio signal propagation
are key for the performance in device-free localization systems.
Received signal strength (RSS) is simple to measure. However,
it is susceptible to changes in the environment and multipath
propagation. In this paper, we compare PCB antennas to a
circularly polarized cloverleaf antenna and measurements in
the 2.4GHz with measurements to the 868MHz ISM band. We
investigate especially if a circularly polarized cloverleaf antenna is
resilient against multipath propagation. Our preliminary results
demonstrate that our model is suitable to the 868MHz band and
the use of the 868MHz band increases the area where a person
affects the RSS. The use of a circularly polarized cloverleaf
antenna does not help to avoid multipath propagation.
Index Terms—device-free localization, RSS models, cloverleaf
antenna
I. INTRODUCTION AND RELATED WORK
Device-free localization systems detect and track persons
that do not participate in the localization process by measuring
ambient signals such as RSS. That makes those systems viable
for a range of applications like intrusion detection, elderly care,
and smart-homes as wireless infrastructure is pervasive in our
daily life and RSS measurements are performed during packet
reception. Device-free localization systems are a research area
for more than one decade [1]. Recent systems are able to detect
and track multiple persons [2], [3], however, those system
requires the use of intensive training phases.
Modeling received signal strength (RSS) is key for the design
of device-free localization systems. Models enable simulation
of the RSS for each wireless link, i.e. transmitter and receiver
pair and the position of an obstacle such as a person. There
are different approaches to model the RSS: Models based on
reflection at the person are e.g. described in [4], [5]. Diffraction
models assume that the planar wavefront that is obstructed
by a person creates Huygens’ sources at the borders, which
results in a change of the RSS at the receiver [6]. In addition,
there are models that describe the fade level as a measure of
the existence of multipath based on the idle RSS [7].
In this paper, we investigate whether a change of the antenna
or the frequency band helps in a broader coverage area of the
wireless links and a more robust behavior of the RSS against
multipath propagation. In addition to our measurements, we
evaluate our proposed radio propagation model with a varying
wavelength  [6].
The rest of this paper is structured as follows: Section II
describes the diffraction-based radio frequency propagation
model. In Section III, we describe our implementation, includ-
ing the system setup, the antennas, and the hardware platform.
We evaluate the results of our measurements and simulations
in Section IV. Finally, we conclude the results and give an
outlook for future work in Section V.
II. RADIO FREQUENCY PROPAGATION MODEL
In this section, we introduce our propagation model that is
used to calculate the RSS at the receiver, given the position of
the transmitter Tx, receiver Rx and the position P and diameter
b of the person. The setup is shown in Figure 1
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Fig. 1: Description of the geometry and the setup.
Based on the geometry of the setup, we calculate the Fresnel
diffraction parameter v
v = dLOS
s
2(d1 + d2)
d1d2
; (1)
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(a) 2.4 GHz with external PCB antenna.
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(b) 2.4 GHz with external cloverleaf antenna.
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(c) 868 MHz with internal PCB antenna.
Fig. 2: Exemplary results. Line in blue color is a measurement. Line in yellow color is the outcome of the model. A Person
moves with constant velocity from dLOS  2 to 2 m.
where dLOS is the distance between the link and the position
of the person P , d1 the distance from the transmitter to the
intersection of the LOS, and d2 the distance from the receiver
to the intersection of the LOS [8].  is the wavelength of the
signal. With v we are able to calculate the complex Fresnel
integral F (v) that describes the change of the signal strength,
relative to the free-space, caused by an obstacle spanning from
 1 to dLOS.
F (v) =
1 + j
2

1
2
  C(v)

  j

1
2
  S(v)

; (2)
C(v) is the Fresnel cosine and S(v) is the Fresnel sine,
which can be solved numerically. Diffraction occurs above and
below the boundaries of the person indicated by the diameter b,
resulting in v1 = v(dLOS1) and v2 = v( dLOS2). The superpo-
sition of the Huygens’ sources is F (v1; v2) = F (v1) + F (v2).
F (v1; v2) models the change of the RSS due to the presence
of the person. A more detailed derivation can be found in [6].
III. IMPLEMENTATION
In this section, we describe the setup and hardware that is
used for measurements.
We use two sets of hardware for our evaluation. For the
2.4 GHz measurements on IEEE 802.15.4 channel 25, we deploy
two Texas Instruments CC2650 Launchpads that are equipped
with an external inverted F PCB antenna or a cloverleaf
antenna. In addition, we employ two Texas Instruments CC1350
Launchpads for measurements with the built-in PCB antenna
in the 868 MHz ISM band. The devices run Contiki-NG 4.1
OS with a nullnet application that periodically broadcast a
message. One device acts as a receiver and the logs the RSS
value together with its timestamp and sends the data via serial
interface to a PC for offline processing. The sampling interval
of the sensors is approx. 15 ms.
Figure 1 shows the dimensions of the testbed. The transmitter
and receiver are placed 3 m apart at a height of 1.4 m,
reassembling a situation where a person walks passes the
LOS of a wireless link. The person (1.95 m, 85 kg) walks
with a constant speed from a distance of 4 m from P1 to P2,
TABLE I: Measurement results for the different setups.
2.4 GHz PCB 2.4 GHz Clover 868 MHz PCB
e [dB]  0:3 0:29  0:32
e [dB] 1:62 1:77 1:68
r 0:91 0:8 0:9
crossing the line-of-sight (LOS) of the link in the middle. For
the simulation, the diameter b of the person is set to 0.35 m.
IV. MEASUREMENT AND EVALUATION
In this section, we evaluate the measurements in three
different hardware setups. To avoid multipath effects, we
performed the measurements in an outdoor environment.
Figure 2 shows exemplary results for the outdoor measurements.
Figure 2a and Figure 2b show the measurement and the output
of our model for the external PCB and cloverleaf antenna at
2.4 GHz. Figure 2c shows the measurement and the model
for 868 MHz. By visual inspection, the model fits well with
the measurements. For a qualitative comparison, we calculate
the mean error e, the standard deviation error e, and the
correlation coefficient r of the difference RSS = A   B,
where A = RSSmeasured and B = RSSmodel.
e =
1
N
NX
i=1
RSSi: (3)
e =
vuut 1
N   1
NX
i=1
jRSSi   j2: (4)
r(A;B) =
1
N   1
NX
i=1

Ai   A
A

Bi   B
B

: (5)
Table I shows the results for e, e, and r for every setup
as the average of eight measurement runs. The correlation r
between the model and the measurements are high, the mean
error is close to 0 dB. The standard deviation is around 1.6 dB,
which is due to problems at the peaks of the measurements
and at the borders. The results for the outdoor measurement
show that we are able to model RSS for different frequencies.
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(a) Indoor w/o additional reflections.
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(b) Indoor w/o additional reflections, different
antenna orientation.
-2 -1 0 1 2
dLOS [m]
-90
-80
-70
-60
-50
-40
P
R
F
[d
Bm
]
measured
modeled w/o multipath
(c) Outdoor w/ additional reflections.
Fig. 3: Exemplary results. Line in blue color is a measurement. Person moves from dLOS  2 to 2 m.
In the next step, we investigate the resilience of the cloverleaf
antenna against multipath propagation. Therefore, we measured
the RSS in three different environments, in addition to the
outdoor scenario. a) Indoor w/o additional reflections. b) Indoor
w/o additional reflections, different antenna orientation. c)
Outdoor with reflections.
In an indoor environment, multipath propagation occurs, due
to reflection on walls, floor, and ceilings. To create a well-
defined reflection in an outside environment, we placed an
obstacle at the point R as shown in Figure 1, we moved it by a
few centimeters until the minimum of the RSS was measured,
i.e. destructive interference occurs. Figure 3 shows exemplary
results for the cloverleaf antenna.
We omit measurements of PCB antennas as we expect
susceptibility to multipath. When the cloverleaf antenna is
resilient against multipath, we expect that the indoor mea-
surements do not change significantly from the outside ones
(see the yellow dashed curve, which is the model without
multipath propagation). In addition, we expect that destructive
interference does not occur. Destructive interference reduces
RSS values by approx. 20 dB compared to the free-space case.
Figure 3a shows results of an indoor measurement. The
RSS value fluctuates more than in the outdoor scenario, i.e.
there is multipath propagation present. Figure 3b shows results
where the antenna orientation of one sensor was shifted by
approx. 90. The measured RSS value fluctuates around a
mean value, even though a person walks through the line
of sight. As there is only a little change in the RSS due to
a person, this Tx-Rx combination will not provide suitable
measurements for a device-free localization system. Figure 3c
shows an outdoor measurement and a reflection that created
destructive interference. The mean of the RSS value is approx.
20 dB lower than without multipath propagation.
Based on those observations, we conclude that a cloverleaf
antenna does not offer added value in terms of resilience against
multipath propagation.
V. CONCLUSION AND FUTURE WORK
In this paper, we compared three different setups and the
result of our propagation model for the use in device-free
localization systems. In the 2.4 GHz ISM band, we com-
pared the externally mounted PCB and a circularly polarized
cloverleaf antenna. In addition, we measured RSS values in
the 868 MHz ISM band. Our model is able to calculate the
RSS for measurements in the 868 MHz band. Changing the
frequency and therefore the wavelength results in a change
of the area, where a person is effectively changing the RSS.
Our measurements show that the cloverleaf antenna is not
resilient against multipath propagation as we expected. In the
future, we will investigate how measurements in the 868 MHz
or in the 2.4 GHz ISM-band will affect the performance and
determine the best position and antenna setup for the device-
free localization system.
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